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Genome-wide association studies are used to identify genetic variants associated
with a particular phenotype.1, 2 GWAS has been used in a variety of taxa, from humans3, 4
to fish5, 6 to plants.7, 8 The present analysis is focused on two species important to the
human species: Zea mays and Sorghum bicolor.
A GWAS in maize was carried out on the modification of the Ga1-s allele. The Ga1
locus has long been studied as being involved in a unilateral crossing barrier.9 However,
it has long been suspected that the locus is modified by background genetic factors.10
GWAS was used to observe candidates for this modification.
A series of GWAS were carried out on various aspects of sorghum inflorescence
architecture. The results and their interpretation are included in the present study.
Panicle architecture was measured across multiple years in a diverse panel. Genes are
proposed as candidates for functioning in inflorescence structure.
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Chapter 1
Introduction
Genome Wide Association Studies
Genome wide association studies, or GWAS, is an analysis used to find associations
between a set of markers and a phenotype.11 Although any category of variant may be
used, GWAS in crops typically uses biallelic SNPs as markers. Lines from the testing
population, typically a panel of genotypes >300 in size, are genotyped and variants are
called against a reference genome. All SNPs are tested for correlation with some
phenotype. The result is a series of markers associated with the phenotype in question.
Important to note is that the marker itself is not causative, but rather in some amount of
linkage disequilibrium with the causative feature. Statistical methods are available to
prevent population and familial structure from confounding results.12, 13
GWAS has previously been utilized in several major crops, including soybean,14, 15
cotton,16, 17 rice,18, 19 and both maize20, 21 and sorghum.22, 23

Genetic Relationship of Maize and Sorghum
Maize and sorghum provide an excellent comparative species model on which to conduct
the proposed study. Both are members of the panicoid grasses, specifically the tribe
Andropogonae. Andropogonae diverged from the rest of Panicoidea around 15 Mya.24 A
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little under 12 Mya, the split between sorghum and maize progenitors occurred.25 After
diverging from the common lineage of sorghum, maize underwent a whole genome
duplication event no more recent than 5 Mya.
Over the course of that time, the tetraploid progenitor of maize underwent major
genomic changes. Fusion within the duplicated genome brought the number of
chromosomes to n=10, down from n=20.26, 27 Over the course of that process and into the
present time the two subgenomes genomes that made up the tetraploid maize have
undergone differentiation.28 By dividing the two subgenomes by synteny with sorghum,
it was shown that for every homologous region of the two genomes, one copy had a
higher rate of gene retention than the other.28 This phenomenon is called fractionation
bias, and is seen in other genomes that have undergone duplication.29–32
Beginning in the 1990’s, maize and sorghum became a common model of
comparative genetic studies33–35 This is no surprise, as nearly 19,000 genes are conserved
between sorghum and either of the two maize genomes.36 Of those, 5000 are retained on
both maize subgenomes as well as sorghum.
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Chapter 2
Genome wide analysis of Ga1-s modifiers
in maize
A one way reproductive barrier exists between most popcorn varieties and dent corn
varieties grown in the United States. This barrier is predominantly controlled by the ga1
locus. Using data from a diverse population of popcorn accessions pollinated by a dent
corn tester, we found that the non-reciprocal pollination barrier conferred by ga1 is more
complex than previously described. Individual accessions ranged from 0% to 100%
compatible with dent corn pollen. Using conventional genotyping-by-sequencing data
from 371 popcorn accessions carrying Ga1-s, seven significant modifiers of dent pollen
compatibility were identified on five chromosomes. One locus may either be a
nonfunctional ga1 allele present within popcorn, or second necessary gene for the
reproductive barrier in genetic linkage with ga1, while the other modifiers are clearly
genetically unlinked. The existence of ga1 modifiers segregating in a popcorn genetic
background may indicate selective pressure to allow gene flow between populations,
which should be incorporated into future models of the impact of genetic
incompatibility loci on gene flow in natural and agricultural plant populations.
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Introduction
Sexual incompatibility is a common phenomenon in the plant kingdom. Crossing
barriers have been observed in several species, including tobacco,37, 38 tomato,39–41 and
rice42, 43 among others. Lateral barriers, such that members of one population are unable
to produce offspring with members of another population, can reinforce speciation44
and genes that create these barriers can play a critical role in cases of sympatric
speciation.45, 46 Due to the preferential and selective nature of the barrier, a male and
female action are both required to enable recognition and discrimination of self and
non-self pollen.47 This type of incompatibility is seen in Solanum,48, 49 as well as in some
Brassica species.50 It is possible that the action of both the male and female may be
conferred through the actions of a protein encoded by a single gene, or the male and
female functions of a crossing barrier may be provided by separate genes in tight genetic
linkage, as has been shown for tcb1.51
In maize, the term gametophyte factor is employed to describe a locus where pollen
grains carrying a particular allele exhibit increased fertilization success relative to pollen
grains of the competing allele.52 At least 10 such loci have been described for maize.52 Of
these, Ga1 was the first to be identified. The first report of segregation distortion linked
to the su1 locus on maize chromosome 4 was to Ga1.53 The determination that Ga1 was an
independent genetic locus and not a second phenotype of the su1 was made by R. A.
Emerson in 1925,54 and given the name Ga1 by Mangelsdorf and Jones one year later.55
Ga1 creates a substantial unidirectional crossing barrier between plants carrying
different alleles at the locus. Seed set when Ga1-s silks are pollinated with exclusively ga1
pollen is consistently reported to be <5%,56, 57 and in a competitive environment
containing both Ga1-s and ga1 pollen, estimates of the proportion of kernels successfully
pollinated by ga1 pollen grains range from 0.6-4%.55, 58, 59 The strength of the Ga1 crossing
barrier is notable relative to other crossing barriers characterized in maize. The
reference allele of Ga2 allows 10-25% fertilization of wild-type pollen in competitive
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pollination assays, while a more recently isolated allele of Ga2 from teosinte provides
somewhat stronger incompatibility with wild-type pollen.60 Tcb1 provides near complete
exclusion of tcb1 pollen in a teosinte background, but exhibit attenuated effects when
introgressed into maize backgrounds, suggesting the function of Tcb1 depends on one or
more modifier loci.61 The early identification of Ga1, combined with the relatively
extreme incompatibility phenotype of Ga1 relative to other gametophyte factor loci
described in maize52 have made the locus a particular focus of genetic investigation over
the last century.
Three functionally distinct alleles have been described at the Ga1 locus. The
predominant allele in US maize germplasm is ga1. Ga1-s is found in many popcorn lines
and in some populations of teosinte, the wild progenitor of maize, creates the
unidirectional crossing barrier, as Ga1-s silks are receptive to pollen carrying the Ga1-s
allele, but are largely non-receptive to pollen grains carrying the ga1 allele.9, 53 A third
allele Ga1-m, conveys the male, but not female function of the ga1 locus. Thus, pollen
carrying Ga1-m can successfully pollinate Ga1-s silks, but Ga1-m silks can be successfully
pollinated by ga1, Ga1-m, and Ga1-s pollen.62 Data suggests the male function of Ga1-m
may be incomplete, as Ga1-s pollen is still more successful than Ga1-m pollen when
pollinating Ga1-s silks.63 More recent studies suggest that Ga1-m may be the predominant
allele in maize tropical landraces.64
Mapping Ga1 proved challenging. Early maps based on phenotypic markers placed
the locus on chr4 between de1 and su1 but at a substantial distance, perhaps 43
centimorgans (cM) from de1 and 33 cM from su1.58 Zhang and colleagues employed
molecular markers to constrain the location of Ga1 to a 1.5 cM interval on chromosome
4.56 Employing additional data from the B73 x Hp301 NAM subpopulation and a
backcross population carrying Ga1-s, Bloom and Holland constrained the location of ga1
to a location containing 13 predicted genes in the B73 reference genome.57 Lauter et
al.(2017) provided evidence PME3, a pectin methylesterase, is responsible for the female
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Ga1-s

ga1

Ga1-m

Figure 2.1: Depiction of the three alleles at the Ga1 locus. Black arrows indicate successful
directions of pollination, the red arrow indicates the pollination that fails. Ga1-m pollen
will pollinate and can be pollinated by both of the other two alleles
action of the locus.65 Zhang et al.(2018) identified a PME gene as responsible for the male
action of Ga1-s.66 These studies suggest that both the male and female actions of
unilateral dent sterility are related to the deesterification of pectin. Recently another
pectin methylesterase Pertunda has also been identifed as responsible for the female
action of the Tcb1 crossing barrier,67 although pollen carrying the Tcb1-s and ga1 alleles is
compatible with Ga1-s silks, and vice versa.
Mapping receptitivity to ga1 pollen in a popcorn by dent corn recombinant inbred
line population (B73 x Hp301) identified only a single locus corresponding to Ga1.57 Fine
mapping estimated that locus to be slightly larger than 1MB.68 In contrast to the result
from the B73 x Hp301 population, apparent modifiers of ga1 function have been reported
in the popcorn variety Supergold,10 from which many of the inbreds from one the three
major heterotic groups in commercial hybrid popcorn production are derived.69 Here we
employed data from ga1 pollination tests of a diverse panel of maize popcorns, including
representatives of the Supergold, Amber Pearl, and South American popcorn heterotic

7
groups to assess the degree of variation present for Ga1 and whether specific modifiers
segregating in popcorn could be identified.

Methods
Scoring Dent Sterility
Phenotype data was gathered from breeding records on 311 popcorn lines that were
phenotyped in a popcorn breeding program at the University of Nebraska - Lincoln. Each
genotype was represented by 20 plants planted in a 17.5 foot long row, with a 30 inch alley
between each range and each row. The perimeter of the field was planted with two rows
of a purple ga1 line in a dent corn background. Within the field, every fifth row was
planted with the same purple dent ga1 line. Lines of the diversity panel were detasseled
prior to anthesis and female flowering dates were recorded for each accession to confirm
exposure of the silks to freshly shed pollen from the purple dent ga1 line. Each line was
scored for incompatibility with ga1 pollen at maturity. Ears with significant numbers of
white kernels, indicating pollen contamination from a source either than the intended
ga1 pollen donor were disregarded. (Figure 2.5)

Genotyping
327 commercial inbred popcorn lines from the ConAgra Foods popcorn breeding
program and 44 public popcorn lines from USDA were genotyped using conventional
genotyping-by-sequencing (GBS).70 DNA samples were submitted to the Cornell
Institute for Genomic Diversity for GBS library construction and sequencing. Samples
were sequenced in four distinct barcoded libraries. A total of 827M raw Illumina reads
were generated. Reads were aligned to the B73 reference genome (RefGen V3) using bwa
aln.71 SNPs were called using the TASSEL-GBS pipeline v3.072 with the MAF (minor allele
frequency) filtering threshold set to 0.05 and mnF (minimum inbreeding coefficient
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defined as 1-Ho/He) set to 0.8. Missing SNP calls were imputed using Beagle version
4.1.73 After imputation, SNPs with a minor allele frequency below 0.01 were removed
from the dataset. The final dataset consisted of 238,772 SNPs scored in 311 maize popcorn
lines for which both genotypic and phenotypic data was available.

Genome Wide Association Analysis and Interpretation
Association analyses were performed in parallel using the mixed linear model (MLM)
implemented in GEMMA with a significance threshold of 0.0174 and the FarmCPU
algorithm (a multi-locus mixed model (MLMM)) implemented in MVP
(https://github.com/XiaoleiLiuBio/rMVP) at a Bonferroni corrected significance
threshold of 0.01.75
The first 5 principal components of population structure, as determined by
TASSEL,76 were included in both analysis to control for population structure effects.13
Kinship was calculated using MVP and the same kinship matrix was employed in both
analyses. Figure 2.6, a quantile-quantile plot of the FarmCPU results, implies population
stratification was adequately corrected for. Structural and functional gene annotations
for version 3 of the B73 reference genome were obtained from Phytozome v12.1. All genes
within 10kb of the SNP were considered potential candidate genes. All linkage
disequilibrium calculations were performed in TASSEL, version 5.76

Results
Variation in the degree of ga1 fertilized seed set was observed among the accessions of
this popcorn population (Figure 2.5). Half of accessions showed >5% seed set with purple
kernels indicating successful pollination by ga1 pollen. Five lines showed near complete
compatibility with ga1 pollen. This observation is notably different from reports which
assessed Ga1-s introgressed into dent corn backgrounds where Ga1-s consistently
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produces a high degree (>95%) of sterility when fertilized with ga1 pollen.56, 57

Figure 2.2: Associations between 238,772 genetic markers and degree of receptivity to ga1
pollen using data from 311 popcorn lines. Each point indicates a single SNP, and position
on the y-axis indicates the statistical significance of the association between that marker
and sterility/fertility as determined using FarmCPU. Dashed line indicates a threshold
of p=4.18e-8 (bonferroni corrected threshold based on the number of SNPs tested and an
original threshold of p = 0.01). For SNPs above the bonferroni corrected threshold, larger
green points were also statistically significant in the parallel MLM GWAS analysis using
the same genetic and phenotypic data.
A genome-wide association study was conducted to test whether specific loci
outside the Ga1-S locus were associated with variation in the effectiveness of the Ga1-s
allele’s female function. Using genotype calls for 238,772 segregating SNPs genotyped
using restriction enzyme genotyping by sequencing, seven statistically significant trait
associated SNPs were identified on five chromosomes using the FarmCPU algorithm: 2,
3, 4, 5 and 10 (Figures 2.2, 2.6). Three of these trait associated SNPs (Chr5 bp:99960879,
Chr4 bp:7020954, and Chr2 bp:72824565) were also supported by MLM based GWAS
(Figures 2.2, 2.7). The trait associated SNP identified on chromosome 4 is located at
7,020,954 bp on the B73_RefGenV3 reference genome, corresponding to approximately
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7.8MB in B73_RefGenV4. This position is in close proximity to two genes identified at the
Ga1 locus.65, 66
The precise placement of the Ga1 locus in the B73 reference genome remains
somewhat ambiguous. Multiple groups who have attempted to map the Ga1 region have
only been able to narrow it down to a large interval,56, 57, 66, 68 likely as a result of structural
differences between the popcorn derived Ga1-s and dent corn derived ga1 haplotypes at
this locus. Consistent with this explanation, three large gaps containing no SNP markers
of size 429kb, 826kb, and 454kb were observed within the estimated position of the Ga1-s
locus, in comparison to 1 SNP every 12kb in the whole dataset (Figure 2.4).Here we
employ the interval reported by Zhang et al which placed the causal gene between
8.52MB and 10.23MB on chromosome 4 in B73 RefGenV4. After translation, the
equivalent is approximately 7.66Mb to 9.35Mb on chromosome 4 in B73 RefGenV3.66 The
range of the gaps found in the current study span from 7.623Mb to 9.358Mb.
The distribution of phenotypic scores for individuals carrying the minor allele at the
chr4 locus are also consistent with the minor allele of this trait associated SNP marking a
ga1 allele, either from introgression of dent germplasm during popcorn breeding and
improvement, or already present at low frequencies in popcorn germplasm. However,
based on patterns of linkage disequilibrium in the region from 6.7Mb to 10.5Mb on
chromosome 4 (Figure 2.4) it appears that the trait associated SNP Chr4 bp:7020954 is
linked but not in linkage disequilibrium with the region from 8.53Mb to 10.23Mb in the
B73 reference genome determined to correspond to the popcorn region carrying the
pectin methylesterases responsible for the ga1 reproductive barrier.66 In addition, Chr4
bp:7020954 exhibits significant LD with adjacent markers in the genome, indicating the
marker is likely not misplaced, whether as a result of a misassembly in the B73 reference
genome or structural variation between popcorn and dent corn (Figure 2.4).
The minor alleles of the trait associated SNPs identified on chromosomes 2 and 5
were also associated with an increase in successful fertilization by ga1 pollen (i.e.
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decreased effectiveness of the reproductive barrier conveyed by Ga1-s). The minor alleles
of trait associated SNPs on chromosomes 3 and 10 are associated with a decrease in
successful fertilization by ga1 pollen (i.e. increased function of Ga1-s as a reproductive
barrier (Figure 2.3). Three trait associated SNPs (Chr5 bp:192080965, Chr4 bp:7020954,
Chr10 bp:117590335) are within larger intervals identified by composite interval
mapping.77 Composite interval mapping also identified a signal on chromosome 2 that,
while not sufficiently strong to be statistically significant on its own, overlaps with and
lends additional confidence to the two trait associated SNPs (Chr2 bp:70339953 and Chr2
bp:72824565) identified on that chromosome.77 With two exceptions, Chr2 bp:72824565
and Chr5 bp:192080965, each trait associated SNP was within 10KB of one or more
annotated maize gene models (Table 2). However, caution should be used in interpreting
these gene lists as significant presence absence variation is present in maize78, 79 and
genes involved in reproductive barriers in popcorn may be absent from the B73 maize
reference genome as was, indeed, the case for both Ga1-s and Tcb1-s.65–67

Discussion
The results presented above suggest the genetic basis of non-reciprocal cross sterility
conferred at the Ga1 locus is more complex than previously thought. Anecdotally,
popcorn breeders have long noticed a complex mode of inheritance,10 and at least one
previous study identified mapping intervals which appeared to act as modifiers of
Ga1-s.77 The existence of these modifiers pose challenges to efforts to employ the Ga1-s
allele in commercial breeding programs.
One trait associated SNP, Chr4 bp:7020954, is in close proximity to the ga1 region,
and may indeed represent a ga1 allele, either from introgression of dent germplasm
during popcorn breeding and improvement, or already present at low frequencies in
popcorn germplasm. However linkage disequilibrium analysis was not consistent with
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Figure 2.3: Distribution of % receptivity to ga1 pollen for individuals carrying either the
minor or major alleles of each of the seven significantly trait associated SNPs identified
in the FarmCPU GWAS analysis. Trait associated SNPs are ordered from most significant
p-value (left) to least significant p-value (right). Lines with longer dashes indicate the median trait value for each subpopulation. Lines with shorter dashes indicate the 25th and
75th percentiles of the trait distribution for each subpopulation.
this interpretation (Figure 2.4). One alternative explanation is that Chr4 bp:7020954
marks a second gene in tight linkage with the PME genes already identified as essential
to Ga1-s function which modifies the function of this crossing barrier. GRMZM2G157241,
located 8kb from Chr4 bp:7020954, is homologous to characterized calcium binding
proteins. It has been proposed that transfer of calcium ions formed from the action of
pectin methylesterase enzymes plays a role in the Ga1 locus.66 As pectin is deesterified by
PME, free Ca2+ becomes crosslinked with pectin and the cell wall of the pollen tube
becomes stiff.80 However further research will be needed to determine whether Chr4
bp:7020954 indeed marks a tightly linked modifier of Ga1-s or, despite the present
linkage disequilibrium evidence, marks a knockout of at least the female function of
Ga1-s equivalent to either Ga1-m or ga1.
The existence of modifiers for Ga1-s function also has implications for specialty
maize breeding and production efforts. One recent proposal has been to introgress the
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Figure 2.4: Linkage disequilibrium among SNP markers between 6.7Mb to 10.5Mb on chromosome 4. Each row/column represents a single marker. The purple outline marks the
trait associated SNP S_7020954. The green outline marks the interval for Ga1-s reported
by Zhang et al. 2018, translated from B73 RefGenV4 to B73 RefGenV3. Three large gaps
without any SNP markers identified in this population, are indicated by the white gaps –
not drawn to scale – labeled A, B, and C. A, is a gap without any markers from 7.623Mb to
8.052Mb; B, is a gap without any markers from 8.078Mb to 8.904Mb; C, is a gap without
any markers from 8.904Mb to 9.358Mb.
Ga1-s allele into maize refuge lines and grow in a mixed bag refuge system with Bt
maize.81 As the Bt ga1 pollen would be unable to pollinate the ears of the non-Bt Ga1-s
refuge plants, in theory this approach would increase the amount of non-Bt grain
available to insect pests, decreasing the selective pressure for Bt resistance in pest
species. Ga1-s modifers present a challenge and an opportunity, as ga1 pollen is likely to
dramatically outnumber Ga1-s pollen on the silks of refuge plants within Bt fields, and
this any increase or decrease in Ga1-s efficiency is likely to produce substantial shifts in
the effectiveness of this refuge strategy. Some organic producers also utilize the Ga1-s
allele as an additional approach to avoiding any detectable GM traits from pollen drift
which might threaten organic certification.82 Here again, knowledge of loci that increase
or decrease the effectiveness of the crossing barrier could have significant economic
impact.
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If allelic differences impact the degree to which populations inter-mate, it will
surely have an impact on allele frequencies in other areas of the genome and impact the
amount of gene flow from one population to another. If speciation genes are subject to
modification by other loci, one would expect that all loci involved would have an impact
on the history and future of the organism. It is possible that selective sweeps exist
around these loci, that may explain some of the phenotypic variation between wild and
domesticated genotypes, as well as different classes of maize such as dent, flint and
popcorn.

Figure 2.5: Distribution of observed compatibility with ga1 pollen among the 311 popcorn
lines employed in this study.
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Table 2.1: Table 1: All genes within 10KB of significant SNPs.
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Figure 2.6: Overrepresentation of significant p-values in the FarmCPU analysis relative to
the distribution expected from random data. Points in red indicate p-values which considered to be statistically significant in this analysis (based on a bonferroni corrected p-value
threshold of 0.01)
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Figure 2.7: Combined results from both MLM and FarmCPU GWAS mapping. Each SNP
is indicated by two separate points one indicating the p-value for the association between
that SNP and variation in ga1 pollen compatibility in the MLM GWAS analysis (green) and
a second indicating the p-value for the association between that SNP and variation in ga1
pollen compatibility in the FarmCPU GWAS analysis (green)
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Chapter 3
Dissecting the genetic architecture of
sorghum panicle traits using
genome-wide association studies
Introduction
Sorghum bicolor (L.) Moench. is an important crop worldwide, particularly in semi-arid to
arid regions.22 The fifth most important grain crop, sorghum was domesticated an
estimated 6000 and 8000 years ago in approximately present day Ethiopia.83, 84 Today, it
is grown across the globe for grain and silage, while potential also exists for use a
bio-energy feed stock.85–88 A defining characteristic of the species is its diverse array of
panicle shapes and sizes. The range of panicle morphologies observed across different
sorghum accessions is so diverse, it has been used historically to divide the species into
taxonomic groups.89 Grains per panicle has a major impact on yield, making knowledge
of the underlying genetics and physiology of agronomical important, especially in
regards to branching.23, 90, 91
Sorghum panicles are determinate and consist of a single shoot from which
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branches extend. These are termed primary branches. These primary branches also have
branches, termed secondary branches. As well, tertiary branches extend from the secondary
branches. Seed bearing spikelet pairs may grow on any of the branch classifications. A
peduncle that extends from the shoot connects the inflorescence structure to the rest of
the plant. Variation exists in number of branches, as well as length.
Previously, Brown et al. used recombinant inbred lines to identify QTL associated
with primary branch number, branch length and rachis length among other traits.91 The
study identified a total of 19 QTL associated with inflorescence traits. However, as is
characteristic of biparental, only a fraction of the total genetic variation was included in
this study. The current study is comprised of a GWAS performed on a diverse panel of
sorghum inbred lines.

Methods
Phenotypic evaluation
Three hundred and fifty two sorghum genotypes were obtained from the sorghum
association panel (SAP) (Casa et al. 2005) and planted using an augmented design with
>20 replicates of checks (Dupont-Pioneer Hybrid 84P72) during the summer of 2016 and
2017 near Mead, Nebraska. Plants were spaced at 14 plants per meter and rows were
spaced 72 cm apart. Three representative panicles from the middle of the rows were
harvested in mid-September (2016) and the first week of October (2017) for each
accession and dried prior to phenotyping. All traits were measured by hand and include:
Inflorescence length, rachis length, rachis diameter, primary branch number, primary
branch length at the bottom of the inflorescence, primary branch length at the top of the
inflorescence, and the number of tertiary branches per secondary branch. Inflorescence
length is defined as the interval from the first primary branch to the tip of the
inflorescence. Rachis length is defined as the interval from the first primary branch to
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the tip of the rachis. The diameter of the rachis was measured where the bottom branch
is located. Traits are detailed in Figure 3.1. Prior to analysis, all data points that were
greater than 4 standard deviations in their respective trait were muted. This was done to
reduce the amount spurious associations that may arise due to extreme variables.

Figure 3.1: Courtesy of Dr. Brandi Sigmon A. A whole panicle. Red asterisks indicate the
boundaries of the rachis. White lines indicate the boundaries of the inflorescence. Yellow
lines indicate boundaries for detirmining the top/bottom of panicle. B. A primary branch.
White lines indicate the length. C. A secondary branch. The white arrow indicates a tertiary branch.

Genotypic evaluation
The sorghum association panel was geneotyped using tGBS® technology.92 The reads
were aligned to verison 3 of the sorghum Btx623 genome93 using GSNAP.94 Variants were
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called with GATK.95 After calling, variants were reduced to only biallelic SNPs. Prior to
imputation, sites were filtered to only contain those with less than 30% heterozygosity.
Because all lines in the panel are inbred, this was done as a quality control measure. At
this point, missing data was imputed using beagle. After imputation, sites were filtered
based on pre-imputed missing data rate. Sites that contained greater than 70% missing
data were eliminated. The 30% heterozygosity filter was again applied. Finally, all lines
with less than 1% minor allele frequency were eliminated. The resulting dataset
contained 173,138 SNPs across 352 individuals. The average distance between SNPs was
353.48bp.

Genome wide association analysis and interpretation
GWAS was performed using the MLMM FarmCPU in the MVP R package.96 Principal
components and kinship was calculated in the same program and included in the
analysis. The first 3 PCs were used in all analyses. Candidate gene models were
determined by taking all gene models within 10kb of SNPs in a LD threshold of at least 0.7
r2 with any SNP detected as significant. Linkage disequilibrium analysis was done in the
TASSELv5.0 pipeline.76 For LD calculations, heterozygous sites were considered missing.

Calculation of relative LD
The term relative LD is used in this report to describe the metric calculated to observe the
relationship between a marker and a specific point on the reference genome alignment.
To do this, all SNPs in a range containing the variant and point of interest was parsed.
Every SNP in the range was assigned an r2 value based on LD between it and the
significant SNP of interest. All SNPs were then assigned the mean of it’s own value and
the 75 SNPs in either direction, termed here the sliding window value. Sliding window
values underwent min-max normalization.
The purpose of this was two fold:
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1. Sliding windows to reduce noise when observing LD in regions of interest.
2. Normalization to correct for unusually low levels of linkage disequilibrium across
this data set.

Results
Phenotypic analysis
All traits measured approximated normal distributions, both for the mean of the two
years and the difference between them. Some traits showed strong correlations. For the
mean phenotypes, inflorescence length had a strong positive correlation with rachis
length and the length of the bottom primary branches. The difference in inflorescence
length and rachis length between years also had a strong correlation. Other traits had
moderate correlations. These are shown in Figure 3.2 and Figure 3.3.

GWAS
In order to find variants associated with floral architecture traits, GWAS was performed.
Two phenotype groups were used: the mean of both years, and the difference between
each year. A total of 65 significant associations were detected. 42 SNPs among 7
phenotypes were associated with the mean. 23 SNPs across 5 phenotypes were associated
with the difference between years. This analysis resulted in 262 candidate gene models.
Manhattan plots for these analyses are printed in Appendix A, Fig. A.1 to Fig. A.16. The
file containing candidate genes has been stored in a publicly available repository.97

Potential pleiotropic associations
Only a single SNP showed significant pleiotropic associations. A SNP located on
chromosome 6 at 42749488 bp was associated with the length of both the inflorescence
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Figure 3.2: Phenotypic distributions and correlations for mean of 2016 and 2017
and rachis. This SNP is located in the Dw2 and Ma1 region. Despite this, the analysis
identified significant SNPs from different phenotypes that were proximal to each other.
Five of these regions consisted of SNPs within 1MB of each other. An additional five
consisted of SNPs within 2MB of each other. These are listed in Table 3.2
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Figure 3.3: Phenotypic distributions and correlations for the difference between 2016 and
2017

Syntenic associations with inflorescence traits in maize
Syntenic regions are more likely to possess genes with visible phenotypes.98 In order to
identify syntenic associations between maize and sorghum that are both involved in
floral architecture, a synteny analysis was performed. A list of candidate maize genes
was derived by pulling the syntenic maize genes of the sorghum candidate genes.
Syntenics were derived from data generated by Schnable et al 2010,28 updated for more
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recent sorghum and maize reference genomes.93, 99 The candidate syntenic homologs
were cross-referenced with the results of Brown et al.’s GWAS on maize inflorescence
architecture.100 Brown et al. conducted their analysis using the maize NAM population.101
A direct connection was made between a sorghum SNP significantly associated with
primary branch length at the top of the panicle and a maize SNP associated with tassel
length. The sorghum v3 gene model Sobic.001G267800 is homologous to the maize v1
gene model GRMZM2G148536. A SNP from Brown et al.’s analysis found a significant
signal corresponding to tassel length within this gene model. In addition, all hits from
the maize study within 250kb of the maize gene were considered. In total, this was 35
maize genes homologous to candidates in the current study. These results are listed in
Table 3.1.

Discussion
Missing loci for secondary branch number
While several loci were significantly associated with primary branch number and tertiary
branch number, no significant associations were found in regards to secondary branch
number. The correlations in means between years was checked as a quality measure. All
measurements were strongly correlated, with the exception of number of secondary and
tertiary branches. This may explain why no SNPs were detected for secondary branch
number and only two were discovered for tertiary branches. The year by year
correlations are shown in Figures B.1 through B.8 in Appendix B.

SNP associations proximal to known structural and floral genes
Known genes in sorghum affecting flowering and plant architectural traits were
observed in proximity to several associated variants. The following sections address
these observations.
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Chromosome 1: Homologs of THESEUS1 and SP1
THESEUS1 is a recptor-like kinase gene first discovered in A. thaliana. The THE1 gene is
associated with cell wall elongation.102–104 A homolog in sorghum, Sobic.001G279900, is
located at 54.7 Mb on chromosome 1.
SP1, or short panicle 1, was discovered in rice. A homolog in sorghum,
Sobic.001G282000, is located near THE1 from 55,301,040 bp to 55,304,219 bp on
chromosome 1. SP1 is associated with reduced panicle elongation in rice.105
A SNP significantly associated with length of primary branches at the top of the
panicle was located at chr1: 55419661, or 115.4 kb from SP1. A marker approximately 9kb
from SP1, 55313195 bp, had a relative R2 value of 0.42 with the significant SNP. The same
SNP was located a further distance from the THE1 homolog, at 690kb.
Chromosome 3: CLV1
CLV1, or clavata1, is a gene first studied in A. thaliana.106 CLV1 is a receptor-like kinase.107
Basic research on Arabidopsis mutants that have lost CLV1 function show larger size in the
floral meristem.108, 109 A CLV1 homolog gene model in sorghum, Sobic.003G067600, is
located on chromosome 3 from 5,734,677 bp to 5,739,236 bp. A SNP significantly
associated with the difference in the length of bottom primary branches between years
was located about 175 kb away at 5,914,378. This association is shown in Figure 3.4.
Interestingly, a candidate gene associated primary branch length at the top of the
panicle, Sobic.006G030700, is homologous to the Arabidopsis gene AT1G46480. This gene
is annotated as ’WUSCHEL related homeobox 4. In contrast to CLV, the WUS homeobox
mutant shows a decrease in floral organs. CLV genes negatively regulate function of the
WUS homeobox genes, whose function is to maintain stemcell numbers during floral
development. The CLAVATA-WUSCHEL interplay has been implicated in floral
development in arabidopsis and tomato, however not in grasses.110–115
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Figure 3.4: Map of relative linkage disequilibrium of a significant SNP (green) for difference in primary branch length in the region of a CLV1 homolog (black).
Chromosome 6: Dw2 and Ma1
Dw2 is a dwarfing gene in sorghum, associated with internode length. Dw2 has been
determined to be Sobic.006G067700.116 It is located on Chromosome 6 from 42803037 bp
to 42807520 bp in version 3 of the sorghum reference genome.
Ma1 is a photoperiod sensitivity related gene that is linked to Dw2. The recessive
allele of Ma1 conveys earlier flowering time.83, 117 Another name used for this gene is
SbPRR37. The associated version 3 gene model is Sobic.006G068300.118 This is located
from 42914834 bp to 42916517 bp.
Two significantly associated SNPs were found in the same region as these two genes
across three traits: Rachis length, inflorescence length, and number of tertiary branches.
Figure 3.5 shows the location of the four points of interest along chromosome 6. The
association of between length traits and Dw2 is consistent with previous analyses.22, 116
The association with tertiary branch number is less clear, however Dw2 is known to be
deferentially expressed in panicle tissue. Further validation is needed to determine
whether either of these genes are causal. These relationships are shown in Figure 3.5.
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Figure 3.5: Map of relative linkage disequilibrium of a significant SNPs in the region of
Dw2 and Ma1.
Chromosome 7: Dw3
Dw3 was the first sorghum dwarfing gene to be cloned.119 It is homologous to the maize
auxin transporter Brachytic2.120 The current analysis discovered three significantly
associated SNPs corresponding to three phenotypic classes: Inflorescence length, rachis
length, and the difference in top primary branch length between years. Given the role of
Dw3 in nodal elongation, these are plausible associations. The relative linkage
disequilibrium for these associations are shown in Figure 3.6.

Future work
Functional validation is underway for some syntenic associations. Further validation for
some or all candidate genes listed in this study is needed. To perform this, a guide RNA
designed relative to a unique sequence in the candidate gene may be utilized in
conjunction with CRISPR/cas9. Plant transformation methods are available in
sorghum.121 The transformed line’s phenotype can then be compared to the
untransformed line’s phenotype for the respective trait. If no difference is seen, it is
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Figure 3.6: Map of relative linkage disequilibrium of a significant SNPs in the region of
Dw3.
possible that the reference used as wildtype contains the null allele, and a different
genotype would have to transformed for validation. Such work is tedious, however it is
necessary to determine causative genes in any GWAS. After functional validation
The results the present study indicate the location of candidate genes responsible
for inflorescence architecture in sorghum. Knowledge of the structure and development
of floral organs have previously been targets of genetic modification.122, 123 Further
research is needed to validate the candidates presented here, and finally to utilize
knowledge of these genes to improve yield potential.
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Table 3.1: Results of synteny analysis. The maize traits are defined as: TL=tassel length; SL=spike length; BZ=branch zone; BN=branch
number; CL=cob length; CD=cob diameter; ERN=ear row number
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GRMZM2G090779
GRMZM2G109731
GRMZM2G109680
GRMZM2G040679
GRMZM2G411561
GRMZM2G151589
GRMZM2G071970
GRMZM2G071745
GRMZM2G071620
GRMZM2G141031
GRMZM2G325612
GRMZM2G051330
GRMZM2G075582
GRMZM2G075488
GRMZM2G529313
GRMZM2G014076
GRMZM2G120975
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31

SNP
S01_50330746
S01_51108132
S01_51184841
S01_78466406
S01_79684513
S02_61339811
S02_63249141
S03_2616292
S03_2661466
S04_7543798
S04_7671516
S04_7543798
S04_7671516
S06_54876898
S06_56838554
S07_59984297
S07_60133062
S07_62247625
S07_62587527
S08_60586443
S08_62515307

Trait
Rachis_Diameter
Primary_Branch_Top
Primary_Branch_Bottom
Rachis_Length
Primary_Branch_Top
Rachis_Diameter
Primary_Branch_Top
Infloresence_Length
Primary_Branch_Number
Rachis_Length
Primary_Branch_Top
Rachis_Length
Primary_Branch_Top
Primary_Branch_Number
Primary_Branch_Bottom
Infloresence_Length
Rachis_Length
Primary_Branch_Bottom
Primary_Branch_Top
Rachis_Length
Primary_Branch_Top

MB
1
1
1
2
2
2
2
1
1
2
2
1
1
2
2
1
1
1
1
2
2

Reference_Group
A
A
A
B
B
C
C
D
D
E
E
F
F
G
G
H
H
I
I
J
J

Table 3.2: Groupings of SNPs that show potential pleiotropic associations. The Reference_Group column provides a key to which SNPs belong to the same grouping. The MB
column references whether the SNPs are within 1MB or 2MB
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Appendix A
Manhattan plots related to sorghum
inflorescence GWAS

Figure A.1: Secondary branch number - mean
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Figure A.2: Rachis diameter - mean

Figure A.3: Rachis length - mean

Figure A.4: Primary branch length (bottom) - mean
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Figure A.5: Primary branch length (top) - mean

Figure A.6: Primary branch number - mean

Figure A.7: Inflorescence Length - mean
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Figure A.8: Tertiary branch number - mean

Figure A.9: Secondary branch number - Diff

Figure A.10: Rachis diameter - Diff
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Figure A.11: Rachis length - Diff

Figure A.12: Primary branch length (bottom) - Diff

Figure A.13: Primary branch length (top) - Diff
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Figure A.14: Tertiary branch number - Diff

Figure A.15: Inflorescence Length - Diff

Figure A.16: Primary branch number - Diff
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Appendix B
Year by year correlations for sorghum
phenotype measurements
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pearsonr = 0.23; p = 8.1e-06
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Figure B.1: 2016 by 2017 secondary branch number
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pearsonr = 0.76; p = 6.7e-71
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Figure B.2: 2016 by 2017 rachis diameter

60

57

pearsonr = 0.61; p = 8.3e-38
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Figure B.3: 2016 by 2017 rachis diameter
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pearsonr = 0.73; p = 1.4e-61
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Figure B.4: 2016 by 2017 primary branch length - top
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pearsonr = 0.65; p = 1.8e-45
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Figure B.5: 2016 by 2017 primary branch length - bottom

60

pearsonr = 0.81; p = 2.7e-84
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Figure B.6: 2016 by 2017 primary branch number
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pearsonr = 0.87; p = 1e-109
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Figure B.7: 2016 by 2017 Inflorescence Length
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Figure B.8: 2016 by 2017 tertiary branch number

